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Abstract 
Transport of arginine and production of nitrite have been investigated in mouse peritoneal macrophages stimulated with bacterial 
lipopolysaccharide (LPS). The arginine transport activity was induced by LPS at very low concentration (maximally induced at 1 ng /ml) ,  
whereas much higher concentration of LPS was required for the induction of nitrite production. Arginine was more concentrated in the 
cells when its transport activity was induced. Lysine, which is a competitive inhibitor of the transport of arginine, neutralized the 
concentrative effect of the induced transport activity and thus inhibited the nitrite production. Induction of the arginine transport activity 
seems to be prerequisite to the enhanced synthesis of nitric oxide in activated macrophages. 
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1. Introduction 
Macrophages are actively involved in the inflammatory 
and immune responses of the host as a result of their 
extensive endocytic capacity and a wide variety of secre- 
tory products [1]. Activated peritoneal macrophages and 
macrophage cell lines synthesize nitric oxide (NO), which 
is responsible for cytostasis and respiratory inhibition in 
tumor cells [2,3]. Synthesis of NO in macrophages is 
induced after exposure to cytokines such as interferon-7 
and/or  bacterial lipopolysaccharide (LPS) [4,5]. NO is 
derived from arginine and its synthesis is absolutely depen- 
dent on extracellular arginine [2]. Thus there is evidence 
demonstrating that arginine transport and metabolism play 
a role in modulating NO production in LPS, and/or  
cytokine-stimulated macrophages [6,7]. The similar role of 
arginine transport has been shown in cultured endothelial 
cells and vascular smooth muscle cells [8-10]. Recently 
we have found that the transport activity for arginine in 
freshly prepared peritoneal macrophages is relatively weak 
and drastically induced by LPS at a very low level and that 
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the induced activity is similar to that of system y+ [11,12], 
which is widely distributed in mammalian cells and medi- 
ates the transport of cationic amino acids [ 13]. The present 
study has been undertaken to interpret the significance of 
induction of the arginine transport activity in relation to 
nitrite production (index of NO synthesis) in mouse peri- 
toneal macrophages. 
2. Materials and methods 
Materials: L-[2,3-3H]Arginine was obtained from 
DuPont-New England Nuclear, Boston, MA. Thioglycol- 
late broth (Brewer's formula) and Bacto lipopolysaccha- 
ride (S. typhosa 0910 and 0214) were from Difco Labora- 
tories, Detroit, MI. Fetal bovine serum was obtained from 
M.A. Bioproducts, Walkersville, MD. 
Macrophage culture: Macrophages were collected by 
peritoneal lavage from female C57BL/6N mice, weighing 
20-25 g, that had received 4 days previously an intraperi- 
toneal injection of 2 ml of 4% thioglycollate broth. The 
lavage medium was RPMI 1640 containing 10 U/ml  
heparin. The cells obtained from 2-5  mice were pooled 
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and washed twice with RPIvlI 1640, plated at 1 X 106/35 - 
mm plastic culture dish or 2.5 × 106/60-mm dish in RPMI 
1640 containing 10% fetal bovine serum, 50 units/ml 
penicillin and 50 /~g/ml streptomycin, and incubated at 
37°C in 5% CO2-95% air. After 1 h the medium was 
renewed to remove non-adherent cells. 
Uptake of arginine: Arginine uptake was measured by 
techniques described previously [14]. The cells in the dish 
were rinsed three times in warmed PBSG (10 mM phos- 
phate-buffered saline (137 rnM NaC1, 3 mM KCI, pH 7.4), 
containing 0.01% CaC12, 0.01% MgCI 2 • 6H20 and 0.1% 
glucose). They were then incubated in 0.5 ml of the 
warmed uptake medium for specified time periods at 37°C. 
The uptake medium was PBSG containing the 3H-labeled 
arginine. The rate of uptake was determined under condi- 
tions approaching the initial uptake rates, that is by taking 
the values for the 30-s uptake of arginine. 
Determination of arginine in cells and medium: Argi- 
nine concentration in the ce, lls was determined as described 
previously [15]. Arginine was extracted from the cells with 
5% trichloroacetic acid. The acid extract, to which 5 nmol 
of norleucine was added as an internal standard, was 
treated with ether to remove trichloroacetic acid, and the 
aqueous solution was completely evaporated, dissolved in 
0.01 N HC1, and analyzed by an amino acid analyzer. We 
used the value of 5 /zl/rng cell protein for the apparent 
intracellular water volume [15]. To determine arginine 
contents in the culture medium, 50 nmol of norleucine was 
added to 0.5 ml medium as an internal standard and this 
medium was deproteinized by the addition of 0.05 ml of 
50% sulfosalicylic acid. After 30 min in an ice bath, the 
mixture was frozen and stored until the assay. The frozen 
sample was thawed and centrifuged at 10 000 × g for 20 
min. The supernatant solution was taken, its pH was 
adjusted to 2.0 with 1 N LiOH, and 50 /xl of the solution 
was assayed with the amino acid analyzer. 
Determination of nitrite: NO production was deter- 
mined by measuring the accumulation of nitrite, a break- 
down product of NO, in the culture medium. Nitrite con- 
centration was measured by the reaction of nitrite with 
Griess reagent (0.1% naphthyl ethylenediamine dihydro- 
chloride and 1% sulfanilamide in 2.5% H3PO 4) [16]. After 
10 rain of incubation at room temperature, absorbance at 
540 mm was compared with standard of NaNO 2. 
Assay of NO synthase: The activity of NO synthase in 
macrophage homogenate was determined by measuring the 
generation of nitrite [17], with a slight modification. The 
complete reaction mixture (400 /xl) contained 50 mM 
Tris-HC1 (pH 7.4), 1 mM dithiothreitol, 1 mM NADPH, 
0.1 mM tetrahydro-biopterin, 1 /xM FAD, 0.1 mM argi- 
nine, and cell homogenate (approx. 0.4 mg protein). The 
mixture was incubated for 20 min at 37°C, and the reaction 
was terminated by adding 15 units/ml lactic dehydro- 
genase and 83 mM sodium pyruvate and incubating for 
further 15 min [18]. This oxidizes residual NADPH, which 
interferes with the colorimetric assay for nitrite. After the 
incubation, the mixture was centrifuged and nitrite in the 
supernatant was determined as described above. 
3 .  R e s u l t s  
Changes in the initial rate of arginine uptake and nitrite 
accumulation in the culture medium were investigated in 
mouse macrophages cultured with and without LPS. As 
shown in Fig. 1A, the rate of uptake was greatly aug- 
mented in macrophages incubated with 1 ng/ml  LPS for 
12-24 h, and the rate declined thereafter. The accumula- 
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Fig. 1. Changes in the rate of uptake of arginine and the production of nitrite in macrophages cultured with LPS. After 1 h in culture macrophages were 
incubated with 0 (rq), 1 ng/ml (A) and 10 ~g/ml (O) LPS. A; the rate of uptake of 0.05 mM [3H]arginine was measured at the times indicated. B; 
nitrite accumulated in the medium was measured at the times indicated. Data are means _+ S.D. of 4-6 determinations of 2-3 (mostly 3) independent 
experiments. 
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Fig. 2. Effect of LPS on the rate of uptake of arginine and the production 
of nitrite. After 1 h in culture macrophages were incubated with LPS at 
the concentrations indicated and after 11 h the rate of uptake of 0.05 mM 
[3H]arginine ( 0 )  and nitrite accumulated in the medium (O)  were 
measured. Data are means___ S.D. of 4-6  determinations of 2-3 (mostly 
3) independent experiments. 
Table 2 
Effect of lysine on the intra- and extracellular concentrations of arginine 
Concentrations in the 
incubation medium (mM) 
Concentration of arginine Ratio 
(mM) (Intra/Extra) 
Arginine Lysine Intracellular Extracellular 
supplemented a 
0.1 0 0.267+0.057 0.074+0.012 3.60 
0.1 3 0.182+0.033 0.090+0.013 2.02 
0.1 10 0.120+0.020 0.092+0.020 1.30 
1.0 10 1.030+0.200 0.920+0.060 1.12 
Macrophages were incubated for 11 h with 10/zg/ml  LPS in the routine 
culture medium (RPMI 1640 with 10% serum) and then the medium was 
changed to the similar RPMI 1640 (without LPS) containing 0.1 mM or 1 
mM arginine supplemented with lysine as indicated and the dialyzed 
serum. After 30 min incubation the intracellular and extracellular arginine 
concentrations were determined. The data are means + S.D. of 6 determi- 
nations in three independent experiments. 
a RPMI 1640 contains 0.22 mM lysine in the formula. The final concen- 
trations of lysine are those indicated plus 0.22 mM. 
tion of nitrite in the culture medium was very little at 1 
n g / m l  LPS and prominent accumulation was observed at 
10 /~g /ml  LPS (Fig. 1B). Fig. 2 shows changes in the rate 
of uptake of arginine and in the nitrite production after 12 
h of culture as a function of LPS concentration. It was 
obvious that the uptake of arginine was enhanced at much 
lower concentrations of LPS than the nitrite production. 
In the macrophages activated with 10 /zg/ml  LPS for 
11 h, the nitrite formation of macrophages was examined 
in the culture media containing various concentrations of 
arginine. In these experiments nitrite produced within an 
hour was measured. The rate of nitrite formation was 
saturable to arginine concentration with an apparent K m of 
0.025 mM, and almost saturated at 0.1 mM arginine (data 
not shown). It should he noted that the arginine concentra- 
tion of RPMI 1640 medium routinely used is 1.1 mM, 
which is unphysiologically high in comparison with other 
amino acids in the medium. 
We measured changes in the intracellular concentration 
of arginine when macrophages were activated with LPS. 
Macrophages were incubated 11 h with and without LPS 
and then the culture medium was changed to that contain- 
ing 0.1 mM arginine. After 30 rain incubation the intra- 
Table 1 
Effect of LPS on the intracellular concentration of arginine 
LPS ( /zg /ml)  Concentration of arginine (mM) Ratio 
Intracellular Extracellular (Intra/Extra) 
0 0.118+0.044 0.090+0.004 1.31 
10 0.259 + 0.056 0.072 + 0.010 3.60 
Macrophages were incubated for 11 h with and without LPS in the 
routine culture medium (RPMI 1640 with 10% serum) and then the 
medium was changed to the similar RPMI 1640 (without LPS) containing 
0.1 mM arginine with dialyzed serum. After 30 min incubation the 
intracellular and extracellular arginine concentrations were determined. 
The date are means ___ S.D. of 6 determinations in three independent 
experiments. 
cellular and extracellular arginine concentrations were de- 
termined. As shown in Table 1, the intracellular arginine 
concentration, and consequently the intracellular/ 
extracellular distribution ratio of arginine, was much higher 
in LPS-stimulated cells than in unstimulated cells. The 
results indicate that arginine is concentrated in the 
macrophages when the transport activity for arginine was 
induced. The transport of arginine in LPS-stimulated peri- 
toneal macrophages has been shown to be mediated by the 
cationic amino acid transport system, y÷ [11]. Lysine 
shares the system and thus competitively inhibits the trans- 
port of arginine. Intracellular concentration of arginine 
decreased when lysine was present in the medium (Table 
2). Under similar conditions the production of nitrite was 
also inhibited by lysine but not by serine which did not 
Table 3 
Inhibition of nitrite formation by lysine 
Concentration of Amino acid Production of nitrite 
arginine (mM) supplemented a (nmol/h/mg protein) 
0.1 none 41.0 + 3.8 
0.1 0.1 mM lysine 36.8+3.8 
0.1 1 mM lysine 27.0 + 3.4 
0.1 2 mM lysine 25.8 + 2.2 
0.1 5 mM lysine 19.3+3.0 
0.1 10 mM lysine 10.3+2.1 
1.0 10 mM lysine 37.4+4.1 
0.1 10 mM serine 39.4+4.0 
Macrophages were incubated for 11 h with l0 /zg/ml LPS in the routine 
culture medium (RPMI 1640 with 10% serum) and then the medium was 
changed to the similar RPMI 1640 (without LPS) containing 0.1 mM or l 
mM arginine supplemented with lysine or serine as indicated and the 
dialyzed serum. After 1 h incubation nitrite in the medium was deter- 
mined. The data are means + S.D. of 6 determinations in three indepen- 
dent experiments. 
a RPMI 1640 contains 0.22 mM lysine and 0.29 mM serine in the 
formula. The final concentrations of lysine or serine are those indicated 
plus 0.22 mM for lysine and plus 0.29 mM for serine. 
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share y÷ (Table 3). This :inhibition disappeared if excess 
arginine was supplemented. We examined whether lysine 
directly inhibited the NO synthase activity in the ho- 
mogenate of LPS-stimulated macrophages (cultured with 
10 /xg/ml LPS for 11 h). The NO synthase activity in the 
presence of 0.1 mM arginine was 34.3 +2 .8  nmol 
n i t r i te /h /mg protein (n = 4). The activity was not signifi- 
cantly inhibited by lysine at 3 mM and only slightly 
(6.3%) inhibited by 10 mM lysine. This inhibition is 
roughly consistent with that reported by Bogle et al. [6] 
using NO synthase from murine macrophage cell line. 
Transport of arginine via system y+ subjects trans- 
stimulation, i.e., the influx of arginine is significantly 
increased by the presence of competing substrates in the 
cells [13]. Because the intracellular concentrations of 
cationic amino acids increase in LPS-stimulated cells, it 
might be that the trans-stimulation accounts for the marked 
increase in arginine transport shown in Fig. 1. We have 
measured intracellular concentrations of cationic amino 
acids (arginine, lysine and ornithine) in macrophages cul- 
tured under the same conditions shown in Fig. 1. After 12 
h in culture, the total concentrations of cationic amino 
acids was 3.1 + 0.4 mM in unstimulated cells and 6.5 + 0.6 
mM in LPS (1 ng/ml)-treated cells, respectively. In these 
concentrations the trans-effect by the intracellular cationic 
amino acids seems close to saturation [13], and therefore 
the more than 10-fold increase in the arginine transport 
activity in LPS-treated cells is not accountable by the 
trans-stimulation. Actually, the marked increase in the 
arginine transport activity in LPS-treated cells, in compari- 
son with unstimulated cells, was retained after the cells 
were incubated for 30 min in amino acid-free medium to 
deplete intracellular amino acids (data not shown). 
4. Discussion 
The cationic amino acid transport system, y+, has been 
well established in mammalian cells [13]. We demon- 
strated that in peritoneal macrophages the transport activity 
for cationic amino acids was potently induced by stimulat- 
ing the cells with LPS [11]. The transport activity for 
arginine increased by more than 10-fold when the 
macrophages were cultured for 12 h in the presence of 1 
ng /ml  LPS (Fig. I A). The properties of the induced 
activity were consistent with those of y+ because the 
uptake of a cationic amino acid was Na+-independent with 
relatively high affinity, inhibited competitively by other 
cationic amino acids, and subject to trans-stimulation [11]. 
Recently a cDNA encoding a protein that is related to the 
transporter with these properties has been identified in 
LPS-stimulated murine macrophages [19]. The deduced 
amino acid sequence of this transporter, MCAT-2B (mouse 
cationic amino acid transporter-2B), differs from the se- 
quence of MCAT-1 (mouse cationic amino acid trans- 
porter-l), which is widely expressed in mouse tissues [20]. 
Both MCAT-1 and MCAT-2B can mediate y+-behavior, 
but the latter seems specific in stimulated macrophages. In 
contrast the transport activity for cationic amino acid in the 
unstimulated macrophages is somewhat different from y+ 
[11]. The transport of cationic amino acids via this route 
was Na+-independent and considerably inhibited by glu- 
tamine and some other neutral amino acids. However, the 
system involved in this transport is not identified at pre- 
sent. 
In cultured hepatoma cells and fibroblasts the transport 
of cationic amino acids is mediated by system y ÷ and even 
though system y+ is independent of Na ÷, the cationic 
amino acids accumulate in the cells to distribution ratios 
between 10 and 20 [21,22]. To reach this chemical gradi- 
ent, an asymmetry between the influx and efflux of the 
substrates through system y+ must occur such that the 
uptake rate is faster than the exodus rate. A probable 
source of this asymmetry is the transmembrane potential 
[23]. The present experiments demonstrated that arginine 
was considerably concentrated by LPS-stimulated 
macrophages, whereas only a little by unstimulated cells. 
In the stimulated macrophages arginine was probably con- 
centrated potential-dependently owing to the induced activ- 
ity of the system y+, although experiments are required to 
substantiate such a mechanism in activated macrophages. 
NO synthase of murine macrophages has been well- 
characterized and the reported value of K m for arginine is 
3-7  /zM [24]. The intracellular concentration of arginine 
shown here was much higher than this, even in 
macrophages incubated with lysine (Table 2), yet under 
these conditions NO synthesis was considerably inhibited 
(Table 3). This discrepancy would be resolved if arginine 
is compartmentalized in the cell cytosol for some reason 
and the delivery of arginine to the NO synthase is limited. 
In this context the reported observation that macrophages 
have inducible NO synthase activity in particulate fraction 
[25] is of interest. 
The importance of arginine transport in NO synthesis 
was first demonstrated by Mann and co-workers using 
macrophage cell line J774 [6]. The arginine transport activ- 
ity in these cells was far less sensitive to LPS than that in 
peritoneal macrophages shown here, yet activation of J774 
cells with LPS at high concentrations produced an increase 
in both arginine transport and nitrite synthesis. J774 cells 
have rather high activity of system y÷ even in the unstimu- 
lated state and the increase in the activity by the treatment 
with LPS was about 2-fold. In the present experiments we 
showed drastic induction of y ÷ activity and the increase in 
the intracellular arginine concentration in the LPS-stimu- 
lated macrophages. These data support a view that arginine 
transport may be a rate-limiting step for the generation of 
NO in macrophages in vivo. Enhancement of arginine 
transport by LPS or some cytokines has been demonstrated 
in cultured vascular smooth muscle cells [9] and pul- 
monary artery endothelial cells [10]. The smooth muscle 
cells have inducible NO synthase and treatment of the cells 
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with interleukin-1/3 and tumor necrosis factor-c~ resulted 
in parallel increase in arginine transport and NO synthesis, 
though the increase in arginine transport was limited (20- 
30% increase). Endothelial cells have constitutive NO 
synthase and the relevance between arginine transport and 
NO synthesis remains to be investigated. 
There is evidence showing that activated macrophages 
cause a rapid depletion of arginine from the surrounding 
extracellular fluid [26,27]. The depletion of arginine can 
result from metabolic conversion of arginine either into 
ornithine by arginase or into NO and citrulline by NO 
synthase. Macrophage lysate exhibits a potent arginase 
activity which does not change when macrophages are 
cultured with LPS [12]. In contrast, NO synthase is 
markedly induced by LPS, and thus the conversion of 
arginine-to-citrulline is enhanced by LPS. It has been 
shown recently that macrophages can convert citrulline 
into arginine [28]. This means that citrulline, produced by 
NO synthase, can be recycled to arginine and suggests that 
this citrulline-arginine cycle contributes to the intracellular 
availability of arginine. However, the synthesis of NO 
from the recycling of citrulline to arginine is inefficient 
and the contribution of the pathway to sustaining the NO 
synthesis seems very limited [7]. Therefore it is highly 
likely that the arginine should be concentrated from the 
extracellular fluid into the cells for the continuous produc- 
tion of NO. Unstimulated macrophages are not provided 
with such a system to do this and thus the induction of 
system y+ activity in macrophages may be a prerequisite 
to the enhanced synthesis of NO. 
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